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Composite  polymer  electrolyte  membranes  consisting  of  covalently  cross-linked  sulfonated  polyether 
ether  ketone  (SPEEK)  with  tungstophosphoric  acid  (TPA)  are  prepared  and  their  electrochemical  and 
mechanical  properties  are  investigated  with  regards  to  application  in  water  electrolysis.  Covalently  cross- 
linked  membranes  (CL-SPEEK)  comprised  of  sulfochlorinated  SPEEK  membranes  and  SPEEK  partially 
lithiated  by  LiCl,  are  prepared  by  reaction  with  1,4-diiodobutane,  and  blended  with  TPA  to  avoid  excessive 
water  swelling  and  to  reinforce  their  mechanical  properties.  These  ion-exchange  membranes  show  good 
electrochemical  properties,  including  proton  conductivity,  ion  exchange  capacity  (IEC),  thermal  stability, 
anti-oxidative  stability,  and  satisfactory  mechanical  characteristics,  such  as  tensile  strength  and  elonga¬ 
tion.  In  particular,  among  the  TPA-composite  membranes,  the  CL-SPEEK/TPA30  (30  wt.%  TPA)  membrane 
displays  higher  proton  conductivity  (0.128  S  cm-1)  and  tensile  strength  (75.01  MPa)  than  Nation®  117  at 
80  °C.  The  ion-exchange  membranes  are  used  to  construct  membrane  electrode  assemblies  (MEAs)  of  use 
in  polymer  electrolyte  membrane  electrolysis  (PEME).  The  MEA  are  prepared  using  a  non-equilibrium 
impregnation-reduction  (I-R)  method.  The  electrochemical  surface  area  (ESA)  and  roughness  factor  of 
the  MEA  prepared  with  CL-SPEEK/TPA30  electrolyte  measured  by  cyclic  voltammetry  are  25.11  m2  g-1 
and  321.4  cm2  Ptcirr2,  respectively.  The  prepared  MEAs  are  used  in  the  water-electrolysis  unit  cells.  The 
cell  voltage  is  1.78  V  at  1  A  cm-2  and  80  °C,  with  a  platinum  loading  of  1.28  mg  cm-2.  The  results  of  the 
present  study  suggest  that  the  good  conductivity  and  mechanical  properties  of  covalently  CL-SPEEK/TPA 
composite  membranes  make  them  well  suited  for  use  in  PEME. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Polymer  electrolyte  membrane  electrolysis  (PEME)  is  a  clean 
and  highly  efficient  energy  technology  for  the  production  of  hydro¬ 
gen  from  water,  which  is  an  abundant  resource.  Therefore,  polymer 
electrolyte  membrane-electrocatalyst  assemblies  can  be  designed 
to  generate  hydrogen  electrochemically  from  pure  water  at  high 
pressures,  thus  eliminating  the  need  for  mechanical  compression. 
The  advantages  of  PEME  over  alkaline  electrolysis  include  lower 
parasitic  energy  losses  and  higher  ecological  purity  hydrogen  out¬ 
put  [1].  Thus,  PEME  is  a  simple,  sustainable  and  cost-effective 
technology  for  hydrogen  generation. 
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Recently,  the  commercially  available  Nation  membrane,  which  is 
a  perfluorosulfonic  acid  solid  polymer  electrolyte  membrane  pro¬ 
duced  by  the  Dupont  Co.,  has  been  the  best-performing  polymer 
electrolyte  [2].  However,  the  current  industry  standards  for  per¬ 
fluorosulfonic  polymers  have  been  limited  by  their  high  cost  and 
loss  of  membrane  characteristics,  such  as  proton  conductivity,  at 
temperatures  above  80  °C.  Sulfonated  aromatic  polymers,  such  as 
polyether  ether  ketone  (PEEK),  polysulfone  (PSf)  and  polybenzimi¬ 
dazoles  have  satisfactory  chemical  and  electrochemical  properties 
and  lower  production  costs  [3]. 

PEEK  polymers  cannot  be  used  in  PEME  applications.  The  high 
degree  of  sulfonation  required  to  achieve  sufficient  proton  conduc¬ 
tivity,  causes  PEEK  polymers  to  become  excessively  water-swollen 
or  soluble  in  water,  thereby  destroying  their  mechanical  proper¬ 
ties.  To  achieve  high  proton  conductivity  without  these  drawbacks, 
chemically  cross-linkable  ionomeric  systems  were  proposed  and  a 
few  such  systems  have  been  studied  [4,5].  Sulfonated  PEEK  (SPEEK) 
can  also  be  cross-linked  via  thermally  activated  bridging  of  the 
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Scheme  1.  Structure  of  covalently  cross-linked  SPEEK/TPA  composite. 


polymer  chains  with  polyatomic  alcohols,  such  as  ethyleneglycol 
and  glycerine  [6]. 

Membrane  electrode  assemblies  (MEAs)  fabricated  by  means 
of  the  conventional  hot-pressing  method  are  usually  inclined  to 
delamination  at  both  the  anode  and  cathode  interfaces  after  long¬ 
term  operation  that  degrades  cell  performance.  The  interfacial 
contact  between  the  electrocatalysts  and  the  polymer  electrolyte 
membrane  (PEM)  has  been  improved  by  synthesizing  Pt/PEM  MEA 
using  the  non-equilibrium  impregnation-reduction  (I-R)  method. 
A  Pt/PEM  MEA  prepared  using  this  method  were  a  few  microns 
thick,  hydrophilic  and  porous  [7].  In  addition,  Pt/PEM  MEA  prepared 
using  the  non-equilibrium  I-R  method  exhibit  excellent  adhesion 
and  durability,  because  the  metal  clusters  are  embedded  in  the 
membrane  surfaces  [8]. 

The  purpose  of  the  present  study  is  to  investigate  the  effects  of 
tungstophosphoric  acid  (TPA)  and  the  concentration  of  the  reduc- 
tant,  Na2S03,  on  covalently  cross-linked  CL-SPEEK/TPA  composite 
membranes  and  on  the  properties  of  the  resulting  materials,  such 
as  electrochemical  performance  in  PEME  and  thermo-mechanical 
stability.  Thus,  MEAs  are  prepared  from  CL-SPEEK/TPA30  composite 
membranes  using  the  non-equilibrium  I-R  method  and  the  Pt- 
loading  content,  electrochemical  characteristics  and  current-cell 
voltage  of  PEME  cells  are  investigated. 

2.  Experimental 

2.1.  Preparation  of  covalently  cross-linked  SPEEK/TPA  membranes 

Covalently  cross-linked  SPEEK  membranes  were  prepared  via 
a  five-step  synthesis  as  follows:  sulfonation-sulfochlorination, 
partial  reduction,  lithiation,  cross-linking,  and  addition  of  TPA. 
Polyether  ether  ketone  (Victrex  450G,  Mn  =  100,000)  was  sul- 
fonated  at  room  temperature  for  approximately  150  h,  according 
to  a  previously  reported  method  [9]. 

The  resulting  SPEEK  membranes,  with  an  ion-exchange  capac¬ 
ity  (IEC)  of  2.7  mequiv.  g-1  dry  membrane,  were  dissolved  in  thionyl 
chloride  (S02C1,  90%  pure,  Samchun),  followed  by  addition  of 
N,N-dimethylformamide  (HCON(CH3)2,  99.8%  pure,  Junsei)  to  the 
solution.  As  a  result  of  this  reaction,  SPEEK  was  transformed  into 
sulfochlorinated  PEEK  (PEEK-S02C1). 

The  PEEK-S02C1  was  then  added  to  various  concentrations  of 
sodium  sulfite  (Na2S03,  98%  pure,  Aldrich)  solution  with  stirring. 
The  resulting  mixture  was  heated  at  70  °C  overnight  to  obtain  the 
PEEK-S02  C1-S02  Na  polymer. 

The  prepared  polymer  was  lithiated  using  various  weight  ratios 
(5-10  wt.%)  of  a  lithium  chloride  (LiCl,  98%  pure,  Junsei)  solution. 
The  resulting  partially  lithiated  PEEK-S02Cl-S02Li  was  filtered, 
dialyzed  to  remove  residual  LiCl  and  excess  Na2S03,  and  then  dried 
at  40  °C  under  vacuum. 


The  PEEK-S02 C1-S02 Li  polymer  was  dissolved  in  1-methyl- 
2-pyrrolidinone  (NMP,  99%  pure,  Lancaster)  and  various  weight 
ratios  (0-60  wt.%)  of  powdered  TPA  (H3PW12O40  aq,  Fluka)  were 
added  to  the  solution,  followed  by  addition  of  the  cross-linker,  1,4- 
diiodobutane  (Lancaster,  99%),  to  yield  the  covalently  cross-linked 
SPEEK/TPA  solution,  as  shown  in  Scheme  1.  The  resulting  mixture 
was  stirred  for  16  h  and  then  cast  on  to  a  glass  plate  with  a  doctor’s 
knife.  The  cast  membrane  was  dried  at  room  temperature  for  12  h, 
at  60  °C  for  4  h  and  at  120  °C  for  12  h.  The  resulting  covalently  cross- 
linked  SPEEK  and  composite  SPEEK/TPA  membranes  are  referred  to 
as  CL-SPEEK  and  CL-SPEEK/TPA,  respectively. 

2.2.  Characteristics  of  prepared  ion-exchange  membrane 

2.2.1.  FT-IR  spectra 

Fourier  transform  infrared  (FT-IR)  spectra  (KBr  discs  with  poly¬ 
mer  or  attenuated  total  reflection  (ATR)  with  membrane)  were 
recorded  with  a  Bomem  MB104  spectrometer. 

2.2.2.  Thermal  stability 

A  TGA  2950  thermo-gravimetric  analysis  (TGA)  instrument  (TA 
Company,  New  Castle,  Delaware)  was  used  to  study  the  thermal 
stability  of  PEM  samples.  Each  sample  was  heated  in  nitrogen  from 
25  to  700  °C  at  a  scanning  rate  of  10  °C  min-1 . 

2.2.3.  Mechanical  properties  and  anti- oxidative  stabilities 

Tensile  strength-elongation  tests  were  performed  according  to 
the  standard  method  (ASTM  D  882)  using  a  Lloyd  universal  test¬ 
ing  machine  (model  LR5K,  UK).  The  test  specimens  were  cut  into 
strips  70  mm  long  and  25  mm  wide,  and  the  thickness  of  each 
strip  (approximately  170  p,m)  was  measured  with  digital  vernier 
calipers.  The  relative  humidity,  temperature,  gauge  length  and 
crosshead  speed  were  set  at  50  ±  5%,  25  °C,  30  mm  and  5  mm  min-1 , 
respectively.  Eight  replicate  measurements  were  performed  and 
the  average  of  the  six  data  points  remaining  after  discarding  the 
maximum  and  minimum  values  was  calculated.  Using  the  wet 
method,  the  membrane  was  immersed  in  25°C-water  for  24  h. 
The  tensile  strength  and  breaking  elongation  of  the  prepared  ion- 
exchange  membranes  were  directly  obtained  from  the  tensile  tests. 
The  energy-to-breaking  point,  which  is  the  fracture  energy  per 
unit  volume  of  the  sample  and  corresponds  to  the  toughness  of 
the  membranes,  was  obtained  from  the  tensile  stress-elongation 
curves  for  each  sample. 

A  membrane  sample  (5  cm  x  5  cm  x  170  p,m)  was  weighed  and 
soaked  in  Fenton’s  reagent  (2  ppm  FeS04  in  3%  H202)  at  80  °C  with 
continuous  stirring  at  a  speed  of  70  rpm.  Anti-oxidative  stability 
was  quantified  by  the  time  that  elapsed  between  immersion  in 
Fenton’s  reagent  and  membrane  fracture  or  breakage  [10]. 
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2.3.  Membrane  properties  of  prepared  ion-exchange  membrane  2.5.  Evaluation  ofMEA  and  cell  performance 


2.3 A.  Water  uptake 

Water  uptake  (Wu)  was  determined  as  the  difference  in  weight 
(W)  between  the  dried  and  the  swollen  membranes.  The  weight 
of  the  dried  membrane  was  measured  (Wdry)  and  then  the  mem¬ 
brane  was  soaked  in  water  until  the  weight  remained  constant.  The 
membrane  was  then  removed  from  the  water,  wiped  with  blotting 
paper,  and  weighed  again  to  obtain  the  wet  weight  ( Wwet).  Wu  was 
calculated  using  formula: 


Wu 


WA/vet  —  Wdry 


x  100 


(1) 


2.3.2.  Ion-exchange  capacity 

After  immersion  in  pure  water  for  1  day,  a  membrane  sample 
was  immersed  for  1  day  in  a  large  volume  of  a  1-M  HC1  aque¬ 
ous  solution  to  transform  the  membrane  into  the  H+  form.  The 
membrane  was  then  washed  with  de-ionized  water  to  remove 
excess  HC1,  and  equilibrated  with  de-ionized  water  for  an  addi¬ 
tional  4  h  with  frequent  changes  of  the  water  to  remove  the  last 
traces  of  acid.  The  membrane  was  then  equilibrated  with  exactly 
50  ml  of  a  0.01  -M  NaOH  aqueous  solution  for  24  h.  The  ion-exchange 
capacity  was  quantified  by  measuring  the  reduction  in  alkalinity 
by  means  of  back-titration.  The  IEC  of  the  PEM  was  calculated  as 
follows: 


The  characteristics  and  performance  of  the  prepared  MEA  were 
analyzed  and  evaluated  by  scanning  electron  microscopy  (SEM), 
cyclic  voltammetry  (CV)  and  current- voltage  I-V  curves.  The  cross- 
sectional  morphologies  and  platinum  distribution  of  the  prepared 
MEA  were  analyzed  using  a  Hitachi  S-3500N  SEM.  Cyclic  voltam¬ 
metry  was  performed  using  an  EG&G  PAR  potentiostat-galvanostat 
model  273A  and  a  conventional  three-electrode  cell  with  the  pre¬ 
pared  MEA  as  the  working  electrode,  a  saturated  colonel  reference 
electrode  (SCE)  and  a  Pt  counter  electrode.  The  potential  ranged 
from  0  to  1.5  V  vs.  Standard  hydrogen  electrode  (SHE)  and  the 
scan  rate  was  10mVs-1.  The  CVs  were  measured  at  the  working 
electrode  in  nitrogen-purged  0.5  M  H2S04  at  25  °C.  The  electro¬ 
chemical  surface  area  (ESA)  was  calculated  from  the  charge  passed 
(Qh  =  210  pGcnrr2)  by  a  full  monolayer  of  adsorbed  hydrogen 
atoms.  The  prepared  MEA  was  tested  using  a  single  cell  with  an 
active  area  of  9  cm2  at  80  °C  and  under  ambient  pressure  for  appli¬ 
cation  in  PEME. 

3.  Results  and  discussion 

3.1.  Characteristics  of  covalently  cross-linked  SPEEK  membranes 

3.1.1.  FT-IR  study 

FT-IR  spectra  of  the  products  resulting  from  each  step  in  the 
five-step  synthesis  of  CL-SPEEK  are  shown  in  Fig.  1 .  A  peak  due  to  the 


TT-.~  NNa0H  x/Na OH  X  (VNaOH/1000)  -  (VNa0H/ Vsample)  x  NHq  x/HC1  x  (Vhci/1000)  innn 

IEC  =  - ; : - - -  x  1000 

g  dry  membrane 


(2) 


where  /is  the  factor  of  the  solution,  N  the  normal  concentration  of 
the  solution,  and  V  is  the  volume  of  the  acid-base  solution. 

2.3.3.  Proton  conductivity 

The  proton  conductivity  of  the  polymer  membranes  was  mea¬ 
sured  using  a.c.  impedance  spectroscopy  with  a  Solartron  1260 
analyzer  across  13-mm  diameter  samples  clamped  between  two 
blocking  platinum  electrodes.  The  sample  discs  were  hydrated  by 
soaking  in  water  overnight  and  were  wet  when  placed  in  the  mea¬ 
surement  cell.  The  conductivity,  cr,  of  the  samples  was  calculated 
from  the  impedance  data,  using  the  relation,  cr  =  d/RS,  where  d  and 
S  are  the  thickness  and  face  area  of  the  sample,  respectively,  and 
R  is  derived  from  the  low  intersect  of  the  high  frequency  semi¬ 
circle  on  a  complex  impedance  plane  with  the  Re(Z)  axis.  The 
impedance  data  were  corrected  for  contributions  from  empty  and 
short-circuited  cells. 

2.4.  Membrane  electrode  assembly 

Tetraammineplatinum  chloride  hydrate  (Pt(NH3)4Cl2,  Aldrich, 
98%)  and  sodium  borohydride  (NaBH4,  Aldrich,  98%)  were  used 
as  the  electrocatalytic  material  and  reducing  agent,  respectively. 
The  prepared  ion-exchange  membrane  was  fixed  in  the  plating 
cell  with  the  top  surface  facing  the  impregnation  solution  -  5  mM 
Pt(NH3)4Cl2  in  a  methanol-water  mixture  -  for  1  h  in  accordance 
with  non-equilibrium  I-R  methods  [11].  After  impregnation,  the 
platinum  solution  was  removed  from  the  plating  cell  and  then 
replaced  with  a  reducing  solution  of  NaBH4  that  ranged  in  con¬ 
centration  from  0.3  to  1.0  M.  The  pH  was  maintained  at  13  by 
adding  NaOH.  The  other  side  of  the  membrane  was  impregnated 
and  reduced  under  the  conditions  described  above.  After  the  reduc¬ 
tion  step  was  completed,  the  MEA  was  soaked  in  0.5  M  H2S04  for 
2  h  to  exchange  Na+  for  H+  and  then  were  immersed  in  de-ionized 
water  for  2  h  before  re-drying  at  80  °C  and  12  h. 


SO3H  group  resulting  from  sulfonation  of  PEEK  to  produce  SPEEK 
in  the  first  step  is  evident  at  1080  cm-1.  After  the  second  step,  the 
asymmetric  vibrations  of  the  S02  group  of  PEEK-S02C1  are  located 
between  1360  and  1385  cm-1.  The  S=0  symmetrical  stretching  of 
the  PEEK-S02Cl-S02Li  resulting  from  partial  reduction  and  lithi- 
ation  is  evident  in  the  range  between  960  and  980  cm-1.  In  the 
fourth  step,  the  addition  of  TPA,  terminal  oxygen  interacts  with  the 
protonated-water  dimer  in  the  secondary  structure,  resulting  in  a 
shift,  from  1007  to  980  cm-1,  in  the  vibrational  band  of  the  ter¬ 
minal  oxygen  in  the  primary  structure.  The  band  at  880-890  cm-1 
corresponds  to  the  symmetric  stretching  of  the  corner-shared  octa¬ 
hedral,  W-Oc-W  and  the  band  at  814-895  cm-1  corresponds  to  the 
symmetric  stretching  of  edge-shared  octahedral,  W-Oc-W  [12]. 


Fig.  1.  FT-IR  spectra  of  SPEEK,  covalently  cross-linked  SPEEK  and  SPEEK/TPA  mem¬ 
branes. 
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Fig.  2.  TGA  curves  of  SPEEK,  covalently  cross-linked  SPEEK  and  SPEEK/TPA  mem¬ 
branes. 

These  bands  are  due  to  the  coloumbic  interaction  between  the 
hydroxyl  groups  of  the  PEEK  donor  and  the  salt  of  TPA  in  the  hybrid 
membrane.  This  funding  indicates  that  the  TPA  particles  interact 
with  the  sulfonic  acid  group  as  opposed  to  some  other  functional 
unit  in  the  backbone.  After  performing  the  final  step,  the  peak 
resulting  from  the  third  step  disappears  due  to  the  formation  of 
cross-links  between  the  lithium  group  of  PEEK-SC^Cl-SC^Li  and 
the  cross-linking  agents  in  the  CL-SPEEK  and  CL-SPEEK/TPA  mem¬ 
branes. 

3.1.2.  Thermal  stability 

The  TGA  thermodiagrams  of  SPEEK,  CL-SPEEK  and  CL-SPEEK/TPA 
are  given  in  Fig.  2.  The  TGA  traces  of  the  prepared  membranes 
exhibit  the  typical  two-step  weight  loss  of  sulfonated  PEEK  at  tem¬ 
peratures  of  approximately  200  and  400  °C.  The  first  weight  loss 
is  due  to  splitting-off  of  the  sulfonic  acid  groups.  The  second  ther¬ 
mal  degradation,  which  occurs  at  400  °C,  arises  from  decomposition 
of  the  main  chain  [13].  The  second  weight  loss  of  CL-SPEEK/TPA  is 
lower  than  that  of  CL-SPEEK  due  to  the  added  TPA,  which  is  resistant 
to  thermal  decomposition  up  to  800  °C.  The  thermal  properties  of 
CL-SPEEK  and  CL-SPEEK/TPA  are  satisfactory  for  use  in  PEME  cells. 

3.1.3.  Mechanical  properties  and  anti- oxidative  stabilities 

The  tensile  strength-elongation  curves  of  partially  reduced  CL- 
SPEEK  treated  with  various  concentrations  of  reductant,  Na2S03, 
are  shown  in  Fig.  3(a).  The  tests  were  carried  out  at  room  temper¬ 
ature  and  50  ±  5%  relative  humidity.  As  expected,  tensile  strength 
increases  with  increasing  Na2S03  concentrations,  whereas  elon¬ 
gation  shows  an  opposite  trend.  The  mechanical  properties  of  the 
partially  reduced  membranes  undergoes  a  transition  from  ductile 
to  brittle  behaviour  with  increasing  Na2S03  concentrations  due  to 
the  greater  degree  of  cross-linking  in  the  membrane. 

The  tensile  strength-elongation  traces  for  the  CL-SPEEK/TPA 
composite  matrix  at  a  fixed  concentration  of  2M  Na2S03 
shown  in  Fig.  3(b)  illustrate  the  effect  of  TPA  on  the  tensile 
strength-elongation  curves  under  dry  conditions.  In  general,  elastic 
ductile  polymer  films  exhibit  two  characteristic  regions  of  deforma¬ 
tion  in  their  stress-elongation  curves  [14]:  below  yield  points,  the 
stress  increases  rapidly  with  increasing  elongation  and  a  steep  ini¬ 
tial  slope  can  be  observed  in  the  elastic  moduli;  above  yield  points, 
the  stress  slowly  decreases  with  elongation  until  breaking  failure 
occurs,  indicating  that  an  increase  in  TPA  concentration  induces  a 
transition  from  brittle  to  ductile  behaviour.  As  shown  in  Fig.  3(b) 
with  increasing  TPA  content  in  CL-SPEEK/TPA,  the  stress  decreases, 


Fig.  3.  Tensile  strength-elongation  curves  of  covalently  cross-linked  SPEEK  and 
SPEEK/TPA  membranes  with  variations  of  (a)  Na2S03  concentration  and  (b)  TPA 
contents  at  fixed  concentration  of  2  M  Na2S03  and  7  wt.%  LiCl. 


and  the  elongation  at  the  breakpoint  increases.  This  phenomenon, 
which  is  observed  in  the  range  of  10-60  wt.%  TPA  is  inconsistent 
with  the  general  expectation  described  above  [9].  By  contrast  the 
CL-SPEEK  without  TPA  added  exhibits  lower  tensile  strength  values 
than  the  polymers  blended  with  TPA.  This  result  can  be  explained 
by  specific  hydrogen-bonding  interactions  between  the  TPA  and 
the  sulfonated  matrix  during  the  initial  stage  of  TPA  blending 
(0-10  wt.%  TPA),  producing  a  mechanism  for  reinforcement  [12]. 

As  shown  in  Fig.  4,  the  tensile  strength  of  CL-SPEEK/TPA30  with 
7  wt.%  LiCl  and  30  wt.%  TPA  in  dry  and  wet  conditions  is  75.01  and 
38.15  MPa,  respectively,  and  is  higher  than  the  tensile  strength  of 
Nation  117  and  of  pure  sulfonated  SPEEK  (10.42  MPa)  [9].  Com¬ 
parison  between  CL-SPEEK/TPA  and  the  pure  polymer  without 
cross-linking  reveals  that  cross-linking  between  the  PEEK  poly¬ 
mer  backbone  and  the  cross-linker  (1,4-diiodobutane)  increased 
the  mechanical  strength  sevenfold.  When  tested  under  wet  condi¬ 
tions,  the  increased  water  content  induces  a  transition  from  brittle 
to  ductile  behaviour.  Taking  into  account  actual  PEME  behaviour 
under  wet  conditions,  the  composite  membranes  met  the  require¬ 
ments  of  PEME  cells. 

The  anti-oxidative  stability  of  the  membranes  was  quantified  by 
measuring  the  time  elapsed  between  immersion  of  the  membranes 
in  oxidant  until  they  broke  into  pieces.  As  can  be  seen  in  Table  1, 
the  anti-oxidative  stability  of  CL-SPEEK/TPA  is  higher  than  that  of 
pure  SPEEK,  possibly  due  to  the  relatively  poor  water-solubility  and 
cross-linking  of  the  composite.  Moreover,  the  anti-oxidative  stabili- 
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Table  1 

Physical  and  electrochemical  properties  of  Nation  117,  sulfonated  PEEK  membrane,  and  covalently  cross-linked  SPEEK  and  SPEEK/TPA  composite  membranes 


Property 

Nafion  117 

Pure  SPEEK 

CL-SPEEKa’b 

CL-SPEEK/TPA30b 

Test  method 

Thickness  (pm) 

183 

169 

170 

170 

- 

Basis  weight  (gm-2) 

360 

155 

160 

185 

- 

Conductivity  (S  cm-1 ) 

25  °C 

0.092 

0.027 

0.087 

0.092 

Impedance 

80°C 

- 

Swelling 

0.116 

0.128 

I.E.C.  (mequiv.g-1  dry  membrane) 

0.91 

1.71c 

1.75 

1.81 

- 

Water  uptake  (%) 

38 

42.31 

44.6 

38.5 

ASTM  D  570 

Tensile  strength  (MPa) 

43 

10.42 

64.25 

75.01 

ASTM  D  882 

Elongation  at  break  (%) 

225 

316.2 

61.11 

87.84 

ASTM  D  882 

Thickness  change  (%)d 

14 

13 

13 

12 

ASTM  D  756 

Linear  expansion  (%)d 

15 

14 

15 

14 

ASTM  D  756 

Oxidative  stability  (h:min) 

- 

6:32 

29:41 

48:32 

- 

a  At  fixed  concentration  of  2  M  Na2S03  and  7  wt.%  LiCl. 

b  IEC  of  starting  materials:  2.65  mequiv.g-1  dry  membrane  (degree  of  sulfonation:  97%). 
c  Degree  of  sulfonation:  65%. 
d  After  swelling  in  water. 


ties  shown  in  Table  1  are  much  better  than  those  reported  for  SPEEK 
membranes  [15]. 

3 A. 4.  Proton  conductivity,  water  uptake  and  IEC 

The  important  determinants  of  the  suitability  of  ionomer  mem¬ 
branes  for  PEME  are  proton  conductivity,  water  uptake,  IEC,  and 
mechanical  properties.  The  water  content  and  water  state  in  sul¬ 
fonated  polymers  are  very  important,  as  they  directly  affect  proton 
transport  across  the  membranes.  Generally,  protons  can  be  trans¬ 
ported  along  hydrogen-bonded  ionic  channels  and  with  cationic 
mixtures,  such  as  H30+,  H502+,  and  H904+,  in  aqueous  media  [16]. 
Free  protons  move  through  a  localized  ionic  network  within  fully 
water-swollen  sulfonated  polymer  membranes.  Therefore,  water 
uptake  strongly  depends  on  the  sulfonic  acid  content  and  also  is 
related  to  the  IEC.  Accordingly,  a  proper  water  content  should  be 
maintained  in  sulfonated  polymer  membranes  to  guarantee  high 
proton  conductivity. 

The  proton  conductivity,  water  uptake  and  IEC  of  partially 
reduced  CL-SPEEK,  which  are  treated  with  various  concentrations 
of  the  reductant  Na2S03  at  variable  temperatures  with  a  fixed  con¬ 
centration  (10  wt.%)  of  LiCl  solution,  are  shown  in  Fig.  5.  The  amount 
of  cross-linking  agent,  1,4-diiodobutane,  was  fixed  at  0.005  ml. 
Addition  of  >0.01  ml  prevents  casting  of  the  polymer  solution 
because  of  gel  formation.  As  shown  in  Fig.  5(a),  the  proton  conduc- 


Fig.  4.  Comparison  of  tensile  strength-elongation  curves  of  covalently  cross-linked 
SPEEK/TPA30  of  dry  and  wet  and  pure  uncross-linked  membranes  at  7  wt.%  LiCl. 


tivity  of  CL-SPEEK  decreases  significantly  as  the  Na2S03  content 
increases  due  to  cross-linking.  The  CL-SPEEK  with  1  M  Na2S03  has 
the  highest  proton  conductivity,  namely,  0.088  and  0.115  S  cm-1 
at  25  and  80  °C,  respectively.  The  membrane  with  an  IEC  value  of 
2.7 mequiv.g-1  dry  membrane  is  initially  soluble  in  water.  There¬ 
fore,  its  water  uptake  may  be  considered  to  be  equal  to  infinity. 
After  the  membrane  is  cross-linked,  however,  the  conductivity  is 
0.088  S  cm-1  [6]. 

The  use  of  1  M  Na2S03  reduces  the  number  of  S02Na  groups 
(cross-linkable  sites)  and  this  thereby  lowers  the  degree  of  cross- 


0.5  1.0  1.5  2.0  2.5 

Na2S03  [M] 

Fig.  5.  (a)  Proton  conductivity  and  (b)  ion-exchange  capacity  and  water  uptake  of 
covalently  cross-linked  SPEEK  membranes  at  fixed  concentration  of  10  wt.%  LiCl  in 
accordance  with  Na2S03  concentration. 
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Fig.  6.  (a)  Proton  conductivity  and  (b)  ion-exchange  capacity  and  water  uptake  of 
covalently  cross-linked  SPEEK  membranes  at  fixed  2  M  Na2S03  in  accordance  with 
LiCl  contents. 


Fig.  7.  (a)  Proton  conductivity  and  (b)  ion-exchange  capacity  and  water  uptake  of 
covalently  cross-linked  SPEEK  membranes  of  2  M  Na2S03  and  7  wt.%  LiCl  in  accor¬ 
dance  with  TPA  contents. 


linking  and  induces  a  water-soluble  polymer,  which  prevents  the 
casting  of  membranes.  At  concentrations  greater  than  2  M  Na2S03, 
proton  conductivity  is  reduced,  but  membrane  properties  such 
as  proton  conductivity  and  mechanical  strength  are  considerably 
enhanced  in  comparison  with  uncross-linked  SPEEKs  (Table  1  and 
Fig.  3).  This  result  is  obtained  because  partial  cross-linking  also 
constrains  water  uptake  to  a  limited  extent,  especially  at  high  tem¬ 
peratures  [17].  Although  cross-linking  decreases  the  number  of 
sulfonic  acid  groups  available  for  proton  transfer,  CL-SPEEK  has 
even  higher  conductivity  than  that  of  the  uncross-linked  membrane 
[9].  This  feature  indicates  that  protons  (or  hydronium  ions)  migrate 
more  effectively  in  the  PEM— possibly  due  to  better  hydrophilic 
channel  connectivity  [18]. 

As  shown  in  Fig.  5(b),  water  uptake  and  IEC  exhibit  trends  similar 
to  that  of  proton  conductivity.  Water  uptake  and  IEC  decrease  with 
increasing  Na2S03  concentration  due  to  cross-linking,  whereas  the 
mechanical  properties,  such  as  tensile  strength  (Fig.  3)  and  swelling 
in  hot  water,  increase  as  expected.  In  the  case  of  CL-SPEEK  partially 
cross-linked  with  2  M  Na2S03 ,  the  proton  conductivity  is  lower  than 
that  of  1  M  Na2S03,  but  the  mechanical  properties  are  optimum,  as 
shown  in  Fig.  3.  Therefore,  CL-SPEEK  partially  cross-linked  with  2  M 
Na2S03  is  determined  to  be  the  optimum  membrane. 

Variations  in  proton  conductivity,  water  uptake  and  IEC  with 
the  LiCl  content  of  the  CL-SPEEK  are  shown  in  Fig.  6.  As  shown  in 
Fig.  6(a),  the  proton  conductivity  of  the  membranes  increases  as  the 
LiCl  content  is  increased  up  to  7  wt.%;  at  LiCl  contents  >7  wt.%  LiCl, 
however,  the  proton  conductivity  decreases.  Fig.  6(b)  shows  that  the 
relationships  of  water  uptake  and  IEC  to  LiCl  content  are  similar  to 
that  observed  for  proton  conductivity.  The  CL-SPEEKs  are  all  water- 
insoluble,  which  is  a  strong  indicator  of  cross-linking.  Therefore, 


taking  all  of  the  data,  including  mechanical  properties,  into  account, 
it  is  concluded  that  the  optimum  preparation  of  CL-SPEEKs  uses  a 
2  M  Na2S03  solution  and  7  wt.%  LiCl. 

Fig.  7(a)  shows  the  effects  of  TPA  content  on  the  proton  conduc¬ 
tivity  of  the  CL-SPEEK/TPA  prepared  using  2  M  Na2S03  and  7  wt.% 
LiCl  at  various  temperatures.  TPAs  are  one  of  the  most  attractive 
inorganic  modifiers  because,  in  crystalline  form,  these  materials 
form  highly  conductive  and  thermally  stable  Keggin  units  [12]. 
Interestingly,  the  proton  conductivity  of  composite  membranes 
increases  slightly  as  the  TPA  content  is  increased  up  to  30  wt.%; 
above  30  wt.%  TPA,  however,  the  proton  conductivity  decreases. 
For  example,  the  proton  conductivity  at  80  °C  is  greater  than 
the  conductivities  at  25  and  60  °C;  the  highest  ion  conductivity 
value  -  0.128  S  cm-1  -  is  obtained  upon  addition  of  30  wt.%  TPA 
(CL-SPEEK/TPA30).  It  appears  that  TPA,  being  a  stronger  acid,  sys¬ 
tematically  yields  a  higher  proton  conductivity,  as  well  as  better 
water  retention,  at  higher  temperatures  [4].  On  the  other  hand, 
the  difference  in  proton  conductivity  with  and  without  the  addi¬ 
tion  of  30  wt.%  TPA,  9.21  x  10-2  and  8.7  x  10-2  S  cm-1 ,  respectively, 
is  insignificant  in  comparison  with  the  uncross-linked  SPEEK/TPA 
at  25  °C  [9].  Thus,  it  appears  that  activity  of  TPA  is  inhibited  by 
the  structure  of  the  cross-linked  matrix.  The  IEC  and  water  uptake 
shown  in  Fig.  7(b)  exhibits  patterns  similar  to  those  shown  in 
Fig.  5(b),  except  for  the  IEC  curve  for  0-20  wt.%  TPA.  Additional 
physical  and  electrochemical  properties  of  the  prepared  ion- 
exchange  and  commercial  membranes  are  shown  in  Table  1 .  There¬ 
fore,  CL-SPEEK/TPA30  is  promising  as  an  alternative  membrane  in 
PEM  electrolysis  cells,  due  to  its  satisfactory  water  uptake,  mechan¬ 
ical  properties,  anti-oxidative  stability,  and  proton  conductivity. 


l.-Y.  Jang  et  al.  /  Journal  of  Power  Sources  181  (2008)  127-134 


133 


Fig.  8.  SEM  images  of  surface  and  cross-section  of  Pt/CL-SPEEK-TPA30/Pt  electro¬ 
catalysts  prepared  by  non-equilibrium  I-R  method:  (a)  cross-section  and  (b)  Pt 
layer. 

3.2.  Water  electrolysis  with  MEA 

3.2.1.  SEM  properties 

Fig.  8(a)  and  (b)  shows  cross-sectional  SEM  images  of  a 
MEA  (Pt/CL-SPEEK-TPA30/Pt)  prepared  by  the  non-equilibrium 
I-R;  method  the  images  are  magnified  5000-  and  100,000-times, 
respectively.  The  images  show  a  typical  cross-section  of  a  MEA 
and  a  Pt  layer  prepared  by  this  procedure  [11].  The  Pt  layer  forms 
extensively  on  the  membrane  surface,  as  in  SPEEK/TPA,  and  shows 
uniform  distribution  of  the  clusters  of  Pt  particles  [9,11  ]. 

3.2.2.  Single-cell  performance  in  polymer  electrolyte  membrane 
electrolysis  cells  (PEMEC) 

Fig.  9(a)  and  (b)  shows  the  cell  voltage  vs.  current  den¬ 
sity  curves  of  MEA  prepared  using  the  non-equilibrium  I-R 
method  in  relation  to  the  reduction  time  and  the  concentra¬ 
tion  of  the  reducing  agent,  respectively.  The  water  electrolysis 
cell  was  operated  at  80  °C  and  under  atmospheric  pressure. 
Using  the  non-equilibrium  I-R  method,  Pt  clusters  form  on  the 
interface  region  where  they  are  accessible  to  the  reactant  and 
are  in  intimate  contact  with  the  polymer  electrolyte.  Particles 
deposited  deep  within  the  membranes  that  do  not  come  in  con¬ 
tact  with  the  current-collector  are  useless  for  electrolysis.  To 
establish  good  contact  with  the  current  collector,  it  is  neces¬ 
sary  for  a  Pt/PEM/Pt  MEA  to  have  a  Pt  layer  exposed  at  the 
surface.  As  a  result,  among  Nation  117,  pure  SPEEK,  SPEEK/TPA, 
CL-SPEEK,  and  CL-SPEEK/TPA,  the  optimum  membranes  were  CL- 
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Fig.  9.  Effects  of  reduction  time  and  reducing  agent  concentration  on  performance 
of  single  cells  using  Pt/PEM/Pt  electrodes  prepared  by  non-equilibrium  I-R  method 
at  80  °C  and  atmosphere  pressure:  (a)  variations  of  reduction  time  and  (b)  variations 
of  reducing  agent  concentration. 


SPEEK/TPA  composites.  The  optimal  conditions  for  the  preparation 
of  MEA  are  a  reduction  time  of  90  min  and  a  reducing  agent 
concentration  of  0.8  M.  The  cell  voltages  of  the  MEA  constructed 
using  CL-SPEEK  and  CL-SPEEK/TPA30  were  1.81  and  1.78  V  at 
1 A  cm-2  at  80  °C,  respectively,  with  platinum  loadings  of  1.31  and 
1.28  mg  cm-2. 

Table  2  shows  the  additional  cell  performance  characteristics  for 
the  CL-SPEEK/TPA30-based  PEME  cell.  For  comparison,  the  perfor¬ 
mance  of  Nation  117,  SPEEK-TPA  and  CL-SPEEK  cells  under  the  same 
conditions  is  also  presented.  Based  on  these  cell  performances,  the 
current-voltage  curve  of  the  CL-SPEEK/TPA30  in  the  water  electrol¬ 
ysis  cell  reveal  the  best  performance  among  the  four  membranes 
mentioned  above,  that  is,  Pt/Nafion  117/Pt,  Pt/SPEEK-TPA/Pt,  Pt/CL- 
SPEEK/Pt  and  Pt/CL-SPEEK-TPA30/Pt. 


Table  2 

Electrochemical  property  of  Pt/PEM  electrodes  prepared  by  non-equilibrium 
I-R  method  (Pt(NH3)4Cl2  concentration  =  5  mM,  NaBH4  =  0.8M,  impregnation 
time  =  60  min,  reduction  time  =  90  min,  cell  temperature  =  80  °C) 
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Fig.  10.  Cyclic  voltammograms  of  Pt/PEM  electrodes  prepared  by  non-equilibrium 
I-R  method;  geometrical  area:  1.0  cm2;  scan  rate:  lOmVs-1. 

3.2.3.  Cyclic  voltammograms 

Fig.  10  shows  the  cyclic  voltammograms  of  the  MEA  prepared 
using  the  non-equilibrium  I-R  method  with  Nation  117,  SPEEK/TPA 
and  CL-SPEEK  and  CL-SPEEK/TPA30  membranes. 

ESA  were  obtained  from  the  coulombic  charge  for  the  oxidation 
of  atomic  hydrogen  adsorbed  on  the  electrode.  The  upper  poten¬ 
tial  limit  of  the  integration  of  the  current-potential  curve  is  taken 
as  the  point  where  the  double-layer  current  is  no  longer  constant, 
approximately  at  E  =  0.4  V  vs.  SEIE.  The  lower  potential  limit  of  the 
integration  is  determined  by  the  local  maximum  at  E  =  0.05  V  vs. 
SEIE  occurring  between  hydrogen  evolution  and  hydrogen  adsorp¬ 
tion.  The  ESA  of  the  CL-SPEEK/TPA30  (25.11  m2  g-1 )  is  higher  than 
that  of  Nation  117  (22.48  m2  g-1 )  and  CL-SPEEK  (23.46  m2  g-1 ). 

4.  Conclusions 

Covalently  cross-linked  composite  membranes  have  been  suc¬ 
cessfully  prepared  from  sulfonated-sulfinated  PEEK,  followed  by 
addition  of  TPA,  and  cross-linking  with  1,4-diiodobutane.  The  cross- 
linking  and  blending  with  TPA  reactions  are  verified  by  FT-IR. 
Cross-linking  greatly  increases  the  mechanical  strength  of  the 
polymer  and  reduces  swelling  in  water.  Although  cross-linking 
decreases  the  number  of  sulfonic  acid  groups  available  for  proton 
transfer  in  the  membrane,  CL-SPEEK  has  a  conductivity  of  >0.092 
and  >0.128  S  cm-1  at  room  temperature  and  80  °C,  respectively. 
Because  of  the  cross-linked  structure,  the  membrane  properties, 
including  proton  conductivity,  tensile  strength,  swelling,  dimen¬ 
sional  stability  and  anti-oxidative  stability  are  enhanced.  Moreover, 


addition  of  TPA  significantly  improves  the  electrochemical  and 
mechanical  properties  of  the  membrane.  The  CL-SPEEK/TPA30  with 
addition  of  30wt.%  of  TPA  exhibits  the  best  membrane  property 
values  as  follows:  proton  conductivity  of  0.128  S  cm-1  at  80  °C; 
water  uptake  of  38.5%;  ion-exchange  capacity  of  1.81  mequiv.g-1 
dry  membrane;  tensile  strength  of  75.01  MPa;  elongation  of  83.76%. 

The  optimum  conditions  for  the  preparation  of  MEA  using  the 
non-equilibrium  I-R  method  are  as  follows:  0.5  mM  Pt  solution,  an 
impregnation  time  of  1  h,  0.8  M  NaBELi,  and  a  reduction  time  of 
90  min.  The  cell  performance  values  during  water  electrolysis  are: 
the  cell  voltage  of  CL-SPEEK/TPA30  is  1.78  V  at  1  A  cm-2  at  80  °C; 
the  platinum  loading  is  1.28  mg  cm-2;  the  ESA  of  CL-SPEEK/TPA30 
was  25.11  m2  g-1. 

In  summary,  CL-SPEEK  and  CL-SPEEK/TPA30  are  interesting  can¬ 
didates  for  PEME  cells  due  to  their  high  proton  conductivity,  low 
swelling  in  hot  water,  good  mechanical  and  anti-oxidative  stabili¬ 
ties,  and  stable  PEME  cell  performance. 
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